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Fig. 2A
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Fig. 4

2.0 Index of Refraction

The equation for the index of refraction n is taken from Edlen’and is given

by:
dj d, ) (P- Pw) 296.15
- 6 - |a . o
(n 1))(10 c T 1-(V/b1)2 M 1-(V/b2)2 PO T
- p
- O

where v is the wavenumber in cm™!. Pis the total pressure in mb, Pw 1s the
partial pressure of water vapor, P, is 1013.25mb, T is the temperature in
Kelvin, and the constants a, b, and ¢ are:

a,=8343, a, =185.08, a,=4.11
b, =1.140 x 10°, b, = 6.24 x 10*
Co = 4349, ¢,= 1.70 x 10*

7. Edlen, K. (1966) The refractive index of air, Metrologia 2:12.
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Fig. 5
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Fig. 10
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AERIAL RECONNAISSANCE CAMERA
SYSTEM WITH ATMOSPHERIC DISPERSION
CORRECTION

BACKGROUND

This invention relates generally to the field of aerial recon-
naissance and more particularly to a method and construction
of an aerial reconnaissance camera system which corrects for
atmospheric dispersion. The methods are particularly advan-
tageous for use 1n reconnaissance camera systems which are
used to perform long range oblique photography from
manned or unmanned reconnaissance aircraft. Certain
aspects of the invention and methods may also have applica-
tion to spaceborne cameras carried by satellites.

While 1t 1s only a thin layer 1n comparison to the diameter
of the Earth, the atmosphere has a significant effect on the
nature and quality of imagery collected while viewing
through 1t. The atmosphere 1s far from benign as a transmis-
sion medium, and 1n fact introduces noise, attenuation, tem-
poral variations, and aberrations 1nto the light rays passing,
through 1t. This disclosure pertains to compensation for one
of the consequences of viewing objects through this active
medium, namely, atmospheric dispersion, which results in
the spectral separation of imaging light rays transmitted
through the Earth’s atmosphere.

Refraction 1s defined as the bending of light rays passing
from one medium to another, such as between air and water or
air and glass, or between parts of the same medium with
different densities such as the Farth’s atmosphere. The
amount of refraction i1s given by Snell’s law and can be
expressed in terms of the medium’s refractive index, which 1s
the ratio of the speed of light 1n a vacuum to that 1n the
medium. Dispersion 1s the variation of the refractive index
with the wavelength of the light.

The phenomenon of atmospheric dispersion is illustrated
for purposes of explanation 1n FIGS. 1A and 1B. FIG. 1A
shows refraction at the surface of a dispersive medium such as
glass, water or air. The light coming from the left 1s white
light, containing all colors. When 1t reaches the surface with
an angle of incidence ¢ with respect to the normal to the
surface (vertical line) and enters the medium M, 1t 1s bent
toward the normal and makes an angle ¢' with respect to the
normal. I the index of refraction inside the medium M 1s
higher than outside, the difference (¢—¢') 1s positive. The
medium M 1n the illustration also has an imndex of refraction
that 1s greater at shorter wavelengths (blue end of the visible
spectrum) than at longer wavelengths (red end of the visible
spectrum), and the blue light (B) 1s refracted through a greater
angle than the yellow light (Y) and the red light (R).

The dispersive medium M could be the atmosphere of the
Earth, where dispersion would refract blue light through a
greater angle than the red light, as shown 1n FIG. 1A. The
index of refraction of the atmosphere of the Earth 1s not
constant, but rather 1s 1n proportion to the pressure, and so 1t
decreases with increasing altitude. The path of light from a
distant star through the atmosphere to a point on the ground
(telescope T) 1s illustrated 1n FIG. 1B. Light approaching a
surface observer from shallow elevation angles 1s refracted
increasingly toward the vertical as 1t nears the observer. Its
path through the atmosphere 1s a curved line as 1llustrated and
blue light 1s deviated through greater angles than red. The
difference 1n the angle of deviation from the actual direction
(shown 1n FI1G. 1B) 1s due to the refraction of the atmosphere.
The difference 1n the apparent direction of the red and blue
components of the light 1s due to the dispersion of the atmo-
sphere. The dispersion created by the atmosphere blurs an
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2

image ol the star taken by the telescope T, as indicated by the
stellar image shown in the lower night of FIG. 1B.

In practical terms, atmospheric dispersion, 11 uncompen-
sated, produces undesirable eflects 1n reconnaissance 1mag-
ery, including loss of spatial resolution and distortion of the
shape of objects 1n 1imagery produced by a reconnaissance
camera. In essence, the blurring shown 1n the lower right of
FIG. 1B 1n the case of imaging a distant star also occurs in a
reconnaissance image of a point on the Earth’s surface taken
from a reconnaissance camera located 1n an aircrait operating
at high altitude.

Atmospheric dispersion as shown 1n FIGS. 1A and 1B has
been of major interest to astronomers. Atmospheric disper-
s1on, as a physical phenomenon, has been studied for over
three centuries. Only within the last 150 years could atmo-
spheric spectral dispersion be quantified 1n any significant
detail. This level of detail 1s a result of a better understanding
and measurements of the interaction of light and the atmo-
sphere. One classical work on the subject 1s W. M. Smart,
lext-Book on Spherical Astronomy, Cambridge Umversity
Press (1962), first edition published 1 1931, which 1s still
regarded as a defimitive work. Smart illustrates two
approaches to quantifying atmospheric dispersion, specifi-
cally (a) the use of the refractive mnvariant with a single layer
model to calculate the zenith angle change through the atmo-
sphere and (b) integrated ray tracing to find the zenith angle
change. Another approach 1s to use the atmospheric model
MODTRAN® to compute the bending angle of a line of sight
from an altitude H to the ground. MODTR AN® 1s a computer
program designed to model atmospheric propagation of elec-
tromagnetic radiation. It was developed by the US Air Force
and Spectral Sciences Inc.

While methods for calculating or estimating atmospheric
dispersion have been around for many years, practical meth-
ods for measurement and compensation of atmospheric dis-
persion have only recently evolved. These methods are
mostly associated with the use of opto-mechanical and or
clectro-optical systems 1n conjunction with astronomical
telescopes to provide compensation for atmospheric disper-
sion. One such electro-optical system employs light sensors
such as photo detectors to capture incoming light rays, and an
associated electronic signal processor calculates the amount
spectral dispersion present. The signal processor then gener-
ates a dispersion correction signal which controls a “variable”
dispersion compensating optical component placed in the
optical path of the telescope. An example of a “variable”
dispersion-compensating component 1s the Risley prism
which 1s capable of changing its dispersion through precision
movement of 1ts optical elements which comprise two or
more rotatable prisms or wedges. Therefore, when placed in
the optical path of a telescope system, the optical compensat-
ing component introduces dispersion in opposition to the
dispersion measured 1n the incoming light rays. If the amount
of dispersion in the mncoming light rays changes, the optic 1s
commanded to adjust its “variable” elements to compensate
accordingly. In these methods, the introduction of rotatable
dispersive wedges or prisms 1s the principal means to com-
pensate for dispersion.

Examples of prior art using variable optical atmospheric

dispersion correction include Wallner et al., U.S. Pat. No.
4,405,203, Wein U.S. Pat. No. 5,278,402 and Takeshi et al

U.S. Pat. No. 6,038,068. Wallner discloses an opto-mechani-
cal system comprising a pair of single or a pair of compound
(multiple) rotating prisms or wedges which correct for atmo-

spheric dispersion 1n a telescope application. Wein, U.S. Pat.
No. 5,278,402, at F1GS. 9 and 10, discloses an electro-optical
dispersion correction system which includes a dispersion sen-
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sor comprising a complex multi-wavelength light detecting
system. The dispersion sensor system generates a signal that
1s transmitted to a control circuit. The control circuit gener-
ates a control signal which drives a set of rotating prisms (a
Risley prism) located within the optical system to reduce the
sensed net dispersion to zero. Takeshi discloses an atmo-
spheric dispersion correction lens arrangement for astro-
nomical telescopes using a rotatable compound lens located
within the telescope. Other related methods which compen-
sate for aberrations caused by the atmosphere employ one or
more 1mage or light detectors to generate correction signals
but do not utilize an optical aberration correcting component.
Such methods rely on complex image processing algorithms
that operate on frames of 1magery previously captured and
digitized by a camera to digitally remove the etfects of the
aberrations such as dispersion. One prior art example 1s
Rhoads, U.S. Pat. No. 5,448,053.

While atmospheric dispersion correction 1n telescopes 1s
known, the reconnaissance art has largely, 1f not entirely,
1gnored atmospheric dispersion as source of error and simply
lived with the effects. There are several reasons for this, but
the main one 1s that the varniable optical compensator solu-
tions disclosed 1n the above prior art are complex and costly,
and would be extremely difficult to reliably integrate with the
optical system of a current state of the art aerial reconnais-
sance camera.

Today’s state of the art reconnaissance cameras are
designed to produce extremely high resolution images, and
the effects of atmospheric dispersion can no longer be ignored
C
C

ue to the spectral image smear present at the camera’s image
etector. However, apparently no practical solution for atmo-
spheric dispersion correction 1n a reconnaissance camera has
ever been proposed. The present invention provides a cost
elfective, uncomplicated, and easy-to-implement solution for
compensating for atmospheric dispersion in an airborne
reconnaissance camera system. As such, 1t 1s believed to
represent a substantial advance in the art.

SUMMARY

Disclosed herein 1s an aerial reconnaissance camera sys-
tem design which corrects for atmospheric dispersion with a
fixed (non-variable) element optical component. The present
invention does not use special sensors and signal processors
to instantancously measure the atmospheric dispersion, or
variable optical components such as moving lenses, moving,
prisms and compound prisms, or other adjustable optics to
correct for the atmospheric dispersion, or complex image
processing algorithms to modily 1magery previously
obtained by the camera to correct for atmospheric dispersion.

In one aspect, the invention can be viewed as an improve-
ment 1n an aerial reconnaissance camera system having an
imaging detector such as an electro-optical imaging array for
installation 1n an airborne reconnaissance vehicle. An optical
path exists between a scene to be imaged on the Earth and the
imaging detector in the camera. The improvement comprises
incorporating an optical wedge or prism into the optical path
of the reconnaissance camera. Unlike the prior art, the optical
component comprises a fixed (non-moving) wedge, not a
multiple wedge assembly or an assembly of multiple com-
pound wedges configured to rotate or rotate with respect to
cach other to vary the optical dispersion properties, such as a
Risley prism. The fixed wedge of the present invention func-
tions to cancel out the atmospheric dispersion produced by
the atmosphere between the reconnaissance aircrait and the
scene on the ground.
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The wedge of the present mnvention has a relatively thin
edge and a relatively thick edge, with the wedge oriented 1n a

manner such that the thinner edge i1s oriented towards the
Earth and the thicker edge 1s oniented away from the Earth.
This orientation can be simply viewed as having the thinner
edge of the wedge “down’ and the thicker side “up™ relative
to the camera field of view. The orientation 1s necessary in
view of the fact that the dispersion produced by the atmo-
sphere 1s 1n the camera depression angle direction only. The
dispersion 1s principally a function of the observing altitude
and corresponding slant range to scene on the ground. The
clfective spectral dispersion of the atmosphere 1s shown
herein to be about 15 microradians for the visible/near inira-
red spectral band of 500 to 900 nanometers (nm), at typical
long range oblique photography (LOROP) camera imaging
ranges. Accordingly, the wedge has dispersive properties
opposite from the expected net atmospheric dispersion 1n the
optical path between the airborne reconnaissance vehicle and
the 1image scene during a reconnaissance mission using the
camera, €.g., approximately 15 microradians 1n one possible
embodiment.

In one particular embodiment, the reconnaissance camera
system includes a reconnaissance viewing window providing,
an interface between the reconnaissance camera and the envi-
ronment (atmosphere) exterior of the reconnaissance vehicle.
The window 1s 1n the form of, and functions as, the optical
wedge. In other words, the window 1s constructed as a single,
fixed wedge having the desired dispersive properties. The
window may be 1nstalled on the reconnaissance vehicle or on
a reconnaissance pod which houses the camera and 1is
mounted external to the reconnaissance vehicle. In all cases
the window 1s mounted relative to the camera field of view 1n
the orientation such that the thin side of the wedge 1s “down”

closer to the Earth) and the thick side 1s “up” ({arther fromthe
Earth).

The amount of dispersion produced by the wedge 1s
designed to be approximately equal to and opposite from the
expected net dispersion produced by the atmosphere for a
given reconnaissance mission. Some nominal value 1s typi-
cally chosen based on a “typical” or expected reconnaissance
scenario for the camera, such as altitude ot 30,000 feet and a
range between the aircraft and the scene of say between 10
and 50 nautical miles (NMi). The invention 1s particularly
applicable for long range oblique photography (LOROP)
cameras which operate under similar mission scenarios. In
such embodiments, the wedge produces a dispersion of
between 10 and 30 microradians for incident light having a
wavelength of between 500 and 900 nanometers. As another
example, the wedge may be designed to have a nominal
dispersion of 15+/-5 microradians for incident light having a
wavelength of between 500 and 900 nanometers.

In the preferred embodiment, where the wedge 1s 1ncorpo-
rated 1nto the reconnaissance window, the material for the
wedge/window may be any transparent material that 1s oth-
erwise suitable touse as a window, such as Cleartran™, a zinc
sulfide optical material available from Rohm & Haas, a sub-
sidiary of The Dow Chemical Co. The wedge design param-
cters make use of the inherent dispersion properties of the
window material 1n the wavelength(s) of interest.

BRIEF DESCRIPTION OF THE FIGURES

FIGS. 1A and 1B are illustrations of the dispersion pro-
duced by the atmosphere.

FIG. 2A 1s an 1illustration of an aerial reconnaissance
vehicle with the net atmospheric dispersion shown as awedge
in dashed lines, and a compensating wedge which 1s incorpo-
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rated into an aerial reconnaissance camera system carried by
the aircraft. In FIG. 2A the wedge 1s shown schematically for

purposes of illustration.

FIG. 2B 1s a side view of an aenal reconnaissance camera
system showing a reconnaissance viewing window in the
form of a single, fixed wedge which compensates for the
dispersion produced by the atmosphere as shown in FIG. 1.

FIG. 3 1s a layered model of the Earth’s atmosphere show-
ing the angles ivolved in calculating spectral dispersion
according to Smart, Text-Book on Spherical Astronomy.

FIG. 4 1s the equation and constants for calculating the
index of refraction of the Earth’s atmosphere according to
The Refractive Index of Air, Bengt Edlen, Metrologica 2,
71-80 (1966).

FI1G. 5 1s a plot of atmospheric refractivity as a function of
wavelength as calculated from the equation 1n FIG. 4.

FI1G. 6 1s a plot of atmospheric dispersion as a function of
slant range using the single layer model of Smart and shown
in FI1G. 3. The curves indicate the difference 1n the refraction
angles for light over the spectral band of 500 nm to 900 nm at
two altitudes.

FIG. 7 1s a plot of atmospheric dispersion as a function of
the line of sight (LOS) slant range at an altitude o1 35,000 feet.

FIG. 8 1s a plot of atmospheric dispersion as a function of
wavelength, showing a comparison of the MODTRAN® and
Ray Tracing methods of calculating atmospheric dispersion
at typical LOROP ranges.

FIGS. 9A and 9B are plots of the refractive indices of
Cleartran™ and N-BK'7 glass, respectively, as a function of
wavelength.

FI1G. 10 1s an illustration of refraction of a prism.

FIG. 11 1s a plot of the dispersion produced by a
Cleartran™ reconnaissance window 1in the form of a wedge,
in the 500-900 nanometer (nm) and the 3.0-5.0 micrometer
(um) spectral wavebands as a function of the window wedge
angle 1n arc-seconds.

FIG. 12 1s a plot of the residual dispersion vs. wavelength
produced by a Cleartran™ reconnaissance window 1in the
form of a single wedge having 23 arc-seconds of Wedge, at
various altitude and slant ranges typical in LOROP reconnais-
sance missions.

DETAILED DESCRIPTION

FIG. 2A 1s an illustration of an aenial reconnaissance
vehicle 10 flying over the Earth 12 at altitude H and at slant
range R.. The reconnaissance vehicle or an appurtenance
such as a reconnaissance pod carries aerial reconnaissance
camera 20 shown 1n FIG. 2B. Camera 20 1s pointed at object
11 on the ground 12 with a depression angle of A. In a typical
embodiment of Long Range Oblique Photography, H 1s on the
order of 20,000-40,000 feet and R 1s 20-50 nautical miles.
These values are of course not particularly critical. The dis-
persive effect of the atmosphere 1s represented by a wedge 14.
In accordance with one aspect of this invention, a single, fixed
compensating optical wedge 16 1s incorporated into the aerial
reconnaissance camera system carried by the aircrait. In FIG.
2A the wedge 16 1s shown schematically for purposes of
illustration. The wedge 16 may take the form of a window
separating the camera optical elements from the atmosphere
external of the aircrait or reconnaissance pod as shown 1n
FIG. 2B.

The wedge 16 1s designed such that the dispersion pro-
duced by the wedge 16 1s approximately equal to and opposite
from the wedge 14 representing the net atmospheric disper-
s1on, as 1indicated by the orientation of the wedges shown 1n
FIG. 2A. In designing the wedge 16, the dispersive qualities
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of the wedge material must be taken into account. Unlike the
prior art, the wedge does not move, its optical properties are
fixed and not variable, no control circuits or sensors are
needed to actively calculate current atmospheric dispersion,
and there 1s no need for dispersion correction to occur via
soltware alter an 1mage has been captured by the image
detector 1n the camera.

The wedge has a relatively thin edge 18 and a relatively
thick edge 17, with the wedge 16 oriented 1n the camera 1n a
manner such that the relatively thin edge 18 1s oriented
towards the Earth and the relatively thick edge 17 1s oriented
away from the Earth, as shown 1n FIG. 2A. In this orientation,
the wedge has dispersive properties approximately opposite
from the expected net atmospheric dispersion 1n the optical
path 19 between the airborne reconnaissance vehicle 10 and
the scene 11 during a reconnaissance mission using the cam-
era.

The dispersive properties required for the wedge 16 are
calculated to compensate for the spectral dispersion of the
atmosphere for a “typical” reconnaissance mission for the
camera system 20 based on the height above the Earth, range
to the targeted scene, and spectral band of operation. The
wedge 1s then manufactured to produce such properties. The
elfective spectral dispersion of the atmosphere 1s shown 1n
FIG. 6 to be about 15 microradians for the visible/near 1nfra-
red spectral band of 500 to 900 nanometers, at a typical long
range oblique photography (LOROP) imaging slant range of
30 nautical miles, and hence in one embodiment the wedge 16
1s designed to produce the same 15 microradians of disper-
s1on but 1n opposition to the amount of atmospheric disper-
S1011.

FIG. 2B 1s a side view of an aerial reconnaissance camera
system 20 installed 1in the reconnaissance vehicle 10 of FIG.
2A. The camera system 20 includes a reconnaissance viewing
window 15 having frame 22; the window 15 separates the
camera irom the atmosphere external of the reconnaissance
vehicle. The window 13 could take the form of the window 1n
a reconnaissance pod, as 1s known 1n the art. See for example
U.S. Pat. No. 6,616,097. The window 15 1s 1n the form of a
single, fixed optical wedge 16. The wedge 16 compensates for
the dispersion produced by the atmosphere 14 as shown in
FIG. 2A. The thick side 17 of the wedge 16 of window 15 1s
“up’, 1.e., away from the Earth, and the thin side 18 1s “down”,
1.€., towards the Earth, 1n order for the wedge 16 dispersion to
cancel out the net dispersion of the atmosphere. The camera
also includes an objective optical element 30 (details of which
are not important and can vary widely) and a focal plane
imaging detector 32. In the illustrated embodiment, the 1mag-
ing detector 32 1s an electro-optical 1mage detector array
which operates 1n the spectral band between 500 and 900
nanometers. Alternatively the image detector could be film 1n
which case the relevant spectral bandpass would likely be
narrower. The design of the camera 20 1s not critical and
hence i1t 1s shown schematically 1n FIG. 2B. The camera 20
could take the form of a scanning camera, a framing camera,
a single band Camera, a multi-band band camera having
multiple optical paths and multiple detectors operating in
multiple wavebands, or other format, the details of which are
not important for this invention and therefore are omitted for
sake of brevity. The nature of the objective element 30 1s also
not important and could take the form of a reflective system
such as a Cassegrain mirror assembly, a refractive system
with a lens or lenses, a combination thereot, or other image
forming optical component or components known in the art.

The design of the wedge 16 of FIGS. 2A and 2B, and
selection of the amount of dispersion that wedge 16 produces,
1s arrived at 1n view of the amount of atmospheric dispersion
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that will be encountered 1n reconnaissance missions using the
camera. This section of this document will explain how the
atmospheric dispersion can be calculated, and thus how much
corrective dispersion should be introduced 1nto the wedge 16,
taking 1nto account any inherent dispersive properties the
wedge material may have. Persons skilled 1n the art will be
able to adapt the calculations and plots explained herein to
any given reconnaissance mission scenario and design a dis-
persion correction wedge 16 accordingly.

In the following discussion, atmospheric dispersion 1s
quantified for typical long-range reconnaissance camera sce-
narios. Three different methods were used to calculate the
atmospheric dispersion over the visible/near infrared
(V/NIR) spectrum (500-900 nm). The calculated values for
all three methods were 1n agreement being 10 to 20 urad for
typical LOROP reconnaissance altitudes and slant ranges of
20 to 40 nautical miles. The three methods used for the dis-
persion calculations were: (1) single layer model with refrac-
tive invariant to calculate the zenith angle change through the
atmosphere; (2) integrated ray tracing to find the zemith angle
change; and (3) MODTRAN® atmospheric model to com-
pute the bending angle of a line of sight from an altitude H to
the ground.

Method 1

Calculation of Atmospheric Dispersion Applicable to
Reconnaissance Camera Missions Using the Single Layer
Model Calculation and the Refractive Invariant

The single layer refractive invarniant method treats the Earth
as a sphere and the atmosphere as a series of spherical shells,
cach with a different index of refraction. The geometry 1s
illustrated 1n FIG. 29 of the Smart textbook cited earlier, and
reproduced 1 FIG. 3 of the appended Figures to this docu-
ment, where mncoming light along the line LA 1n layer M,
which has an index of refraction ', intersects layer M, which
has an index of refraction, u. At point P, the angle of incidence
1s ¢', and the angle of refraction 1s1. The line CP from P to the
center of the Earth 1s, of course, orthogonal to the boundary
between layers M' and M. At the bottom of layer M, the
refracted ray makes an angle of imncidence ¢ with CQ, the
radius drawn from the center of the Earth.

From the laws of refraction,

' sin ¢'=p sin P (1)

And from tniangle CQP, in which CP=r', CQ=r, and
CQP=180-¢,

(2)

¥ sin ¢g=r' s1n
Eliminating sin vy from (1) and (2),
(3)

This 1s a general relation that holds for any two contiguous
layers and specifically for any two layers whatever their
height above the Earth.
At the surface of the Earth,

=R, (the radius of the Earth) and u=pn,, (the refractive
index of the atmosphere at sea level) and theretfore

7'’ sin ¢'=r sin ¢

(4)

The rnght hand side of equation 4 1s a fixed number as soon
as the angle € 1s chosen, and 1s, therefore, an invariant. Equa-
tion 4 1s the definition of the refractive invariant model for
atmospheric refraction.

Results—Method 1

Equation 4 allows the calculation of angles ¢ and € if the
index ol refraction of the atmosphere, 1 1s known as a function
of height above the earth. One way of using equation 4 1s to
treat the atmosphere as a single layer having an index u, that

#ILSiN Q=R SIN &
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extends from the surface of the earth to an altitude of interest.
Above the altitude of interest, the index 1s u. For the refractive
index of the atmosphere, we use the Edlen (1966) equation
shown 1n FIG. 4. Using the Edlen equation, the atmospheric
refractivity at sea level (11,—1) as a function of wavelength 1s
shown 1 FIG. 5. Because of the dependence of the atmo-
spheric refractive index on atmospheric pressure, the calcu-
lation of the refractive index above sea level requires knowl-

edge of the pressure at the altitude of 1nterest. Using the US
Standard Atmosphere (1976) to define the pressure as a func-
tion of altitude, we calculate the resultant difference between
¢ and € over the spectral range 500 nm to 900 nm. This is
shown 1n FIG. 6 for two different altitudes, 20,000 ft and
40,000 1t. The weak dependence of the dispersion on altitude
1s evident from the small separation of the dispersion curves
for 20,000 1t and 40,000 1t altitude 1n FIG. 6.

To summarize, using equation 4 and the atmospheric
refractivity, the atmospheric dispersion was calculated using,
the refractive mvariant model. The dispersion angle for a
spectral bandwidth of 500 to 900 nm was calculated for
several slant ranges from altitudes o1 20,000 1t and 40,000 ft.
FIG. 6 shows that the dispersion 1s greater from higher alti-
tudes where there 1s a greater air mass below the camera. The
elfect of the greater air mass overcomes the effect of shal-
lower depression angle for a given slant range from a lower
altitude.

Method 2

Calculation of Atmospheric Dispersion Applicable to
Reconnaissance Camera Missions Using the Ray Tracing
Method

The second method for estimating atmospheric dispersion
1s to use ray tracing from the observer elevation to the ground
using the general expression for refraction.

This method i1s developed 1n page 36 of the Smart text book
reference and results 1n equation 20 of that text. The zenith
angle 7 at altitude 1s given by

. Ho PN (5)
Z = Zoposind | dy / (2 u? - Ry dsin’d)? |,
1

where 7, 1s the zenith angle at the ground

To evaluate this equation, 1t 1s necessary to know the relation-
ship between u and r over the path from the observer to the
ground (equivalently, over the path as u varies from its value
at the starting altitude (nominally 1) and p,, (at the ground).
There have been numerous analyses of atmospheric refrac-
tion and dispersion. However, quantification of the etfects 1s
dependent on an adequate model of the atmosphere that
describes 1ts physical properties such as temperature, pres-
sure, density and index of refraction as a function of altitude
and constituent population. Again we use the US Standard
Atmosphere (1976) and the Edlen formula for atmospheric
index of refraction 1n FIG. 4.

Results—Method 2

Now, using the equations for atmospheric refractive index
u as a function of wavelength and of altitude, the relationship
between p and r=(R+altitude) can be calculated, and dg/dr
can be calculated. Then, equation 5 can be evaluated for
specific wavelengths and for specific camera altitudes H and
slant ranges R..

The dispersion which i1s the integrated change in zenith
angle (Z-7,) 1s shown 1n FI1G. 7 for line of sight (LOS) slant
ranges from 20 to 40 nautical miles from an altitude o1 35,000
ft. For convenience, the changes in zenith angle are refer-
enced to a light wavelength of A=500 nanometers.
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In comparing the dispersions shown 1in FIGS. 6 and 7, 1t 1s
evident that the results are quite similar, even though the
methods are rather different. For example, in FIG. 6, at 30
nautical miles slant range, the dispersion 1s between 15 and 16
urads. In FIG. 7, the dispersion at 30 nautical miles slant

range 1s shown to be 16 urads.

Method 3
Calculation of Atmospheric Dispersion Applicable to

Reconnaissance Camera Missions Using MODTRAN®

Computer Modeling
The third method of calculation, ray tracing using MOIDT-

RAN, vields a dispersion prediction that 1s very similar to
method 2. This 1s 1llustrated in FI1G. 8, which shows 1n dotted
lines the results of ray tracing with MODTRAN vs. ray trac-
ing using method 2. The worst case difference 1s less than 3
micro radians between the two methods.

Results—Method 3

The Modtran calculation and the ray trace calculation of
dispersion produce similar results, since the formula for the
critical parameter, the refractive index of air, 1s the same 1n
both formulations. (FI1G. 4.)

One way of checking the validity of the results obtained
from these three methods 1s by comparison with equivalent
calculations that have been verified by observation. The
above dispersion calculations were compared with those of
G. W. Simon whose dispersion predictions using ray tracing
were confirmed by astronomical measurement to be within
+(0.14 second of arc. The observations were made by J. W
Evans at 9,220 feet at the Sacramento Peak Observatory and
reported by Simon 1n Simon, George W., A Practical Solution
of the Atmospheric Dispersion Problem, p. 190-194, Astron.
Jour., 71 Apr. 1966.

Dispersion values for sea level and 9,220 feet elevation
were calculated using the ray tracing method described above
and then compared with Simon’s calculations for the same
cases. The agreement between the dispersion predicted by ray
tracing and the results reported by Simon 1s very good as
shown 1n table 1 below. The average difference between the
above ray tracing method and Simon’s method 1s less than 2
microradians.

TABL.

L1l

1

Dispersion Comparison with Simon

Case 1 Case 2
Starting Altitude ({t) e e
Ending Altitude (ft) Sea Level 9,220
Zenith Angle (deg) 80.000 80.000
Dispersion Dispersion
Prediction  Dispersion  Prediction Dispersion
(Referenced by Ray Prediction by Ray  Prediction
to 400 nm) Tracing by Simon Tracing by Simon
Wavelength nm arc sec arc sec arc sec arc sec
300 -9.8 -10.0 -7.3 -7.5
400 0.0 0.0 0.0 0.0
440 -0.5 0.5
500 4.2 4.0 3.1 3.0
600 6.5 6.0 4.8 5.0
700 7.8 N/A 5.8 N/A
800 8.6 8.0 6.4 7.0
1100 9.9 9.5 7.3 7.5
Average Absolute 0.43 arc sec 0.38 arc sec
Difference

The single layer method will likewise give a similarly
precise result, since it yields results very close to the ray
tracing method. Summarizing then, all three methods pre-
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sented here for the calculation of atmospheric dispersion
yield results that are very similar to each other and which are
in close agreement with the Simon predictions which were
validated using astronomical measurements.

The three methods of calculation just described made use
of uniform spectral weighting over the spectral band of inter-
est. To be analytically more precise, the calculation of the
dispersion of the air should be spectrally weighted according
to the mtensity of the radiation leaving the target, the trans-
mission of the atmosphere and the camera optical system, and
the spectral sensitivity of the image detector. For general
reconnaissance use and in the context of this invention, uni-
form weighting provides an adequate estimate of the disper-
sion of the atmosphere. However for specific applications
where the spectral content of the target 1s uniquely different,
spectral weighting may be required for the most accurate
calculation.

Camera System Wedge 16 Design

(Given any one of the three alorementioned methods for
calculating atmospheric dispersion, a practical solution to
compensating for atmospheric dispersion 1n a reconnaissance
camera system scenario can take the form of a single, fixed
optical wedge (16, FIGS. 2A and 2B) as described herein. The
optical wedge 1s placed in the optical path of the camera and
1s designed as part of the reconnaissance camera system, such
as forming the camera viewing window 1n a reconnaissance
vehicle or a reconnaissance pod mounted externally on the
vehicle. See the discussion of FIGS. 2A and 2B, supra.

The wedge 1s designed to provide a compensating disper-
sion over a sigmificant part of the operating region in an
expected reconnaissance mission. For dual-band reconnais-

sance camera systems operating in the visible and near infra-
red (V/NIR) spectrum (500-900 nm) and 1n the middle wave
inirared (MWIR) spectrum (3.0-3.0 um), Cleartran™ 1s the
window material of choice, since 1t has a significant inherent
dispersion in the V/NIR which can be used to advantage, and
very little dispersion in the MWIR. By providing a window
with the opposite elfective wedge of the atmosphere, the
dispersions can eflectively cancel each other out. Because
atmospheric dispersion 1s greatest near the horizon, the cor-
rective wedge must always be oriented with the thick side of
the wedge up. This fact 1s important when utilizing a single
reconnaissance viewing window that 1s moveable from one
side of the aircrait or pod to the other. Such a window cannot
compensate for atmospheric dispersion on both sides of the
aircraft 1f the wedge orientation in the window inverts from
lett side to right side viewing. In other words, a moveable
window which covers 0°-180° in depression across both sides
of atrcraft nadir cannot be used to nullity atmospheric disper-
sion 1f the wedge 1nverts when crossing nadir, as 1s typical.
This would undesirably double the dispersion of the atmo-
sphere on one side of nadir while cancelling 1t out on the other
side of nadir.

The comparison of the indices of refraction of Cleartran™
and a common optical glass, N-BK7, 1s shown in FIGS. 9A
and 9B, respectively. While the index variance with wave-
length for Cleartran™ 1s small in the MWIR, 1t varies signifi-
cantly 1n the V/NIR, and this gives rise to significant spectral
smear even when wedge angles are small. Refraction by a
prism at near-normal incidence 1s shown i FIG. 10. For a
prism with a small wedge angle 0, the deflection ¢ of a

near-normal incident ray 1s given by:

e=(N-1)0

where N 1s the refractive index of the prism matenal.
Using the catalog values for the refractive index of
Cleartran™, the dispersion as a function of wedge angle for a
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Cleartran™ window 1s shown 1n FIG. 11. It shows that a
window wedge of 23 seconds of arc 1s needed to produce 15
urads of dispersion across the 500-900 nm spectral band. This
1s about 3 pixels of dispersion at the focal plane 1mage detec-
tor of a typical, current state of the art V/NIR electro-optical
reconnaissance camera with a nominal 5 urad instantaneous
field of view (IFOV). As a check, 1t 1s noted that the dispersion
in the MWIR for this wedge angle 1s less than 2 urads, which
1s si1gnificant for a multiband band camera system 1imaging
in the MWIR spectrum with a typical 20 urad IFOV.

A wedge design point must be selected 1n the typical oper-
ating range of the reconnaissance camera system. Because the
atmospheric wedge 1s range-dependent, i1t 1s necessary to
choose a suitable design point range (distance from camera to
scene) at which to null out the dispersion and to tolerate the
overcorrection at shorter ranges and undercorrection at
longer ranges. For shorter ranges, although the dispersion 1s
overcorrected and produces some smear (1in the depression
direction only), the shorter lever arm of range limits the image
spread at the focal plane of the imaging detector. At the longer
ranges, where the dispersion 1s undercorrected, the residual
dispersion smear 1s much smaller than the uncorrected smear
and 1s considered an acceptable trade-off.

As an example, to compensate for the 15 prads of atmo-
spheric dispersion typical at a 30 nautical mile slant range
over the 500-900 nm spectral band, a Cleartran™ wedge of
approximately 23 seconds of arc 1s required. For shorter
ranges typical of a medium-altitude reconnaissance mission
where the depression angles are greater than for LOROP, the
wedged window will overcorrect the atmospheric dispersion.
For example, at 10 NMi slant range, the atmospheric disper-
sion 1s about 7 urads, and at 5 NMi about 3 urads, and
therefore the residual dispersion with the window 1n the opti-
cal path1s 8 urads at 10 nmi1 and 12 urads at 5 NMi1. Given that
a typical medium-altitude reconnaissance camera has an
IFOV of 20 urads, the dispersion spread 1s much less than one
IFOV, and the Corresponding modulation transfer function
(MTF) 1s over 85% which 1s normally considered an insig-
nificant degradation. FIG. 12 1llustrates the residual disper-
s10n at various slant ranges when using a Cleartran™ window
having 23 seconds of arc. Atranges beyond 30 nmi range, the
atmospheric dispersion will be undercompensated, and at
ranges under 30 nmi, the dispersion will be slightly overcom-
pensated. However, the degradation due to incorrect compen-
sation 1s a weak function of range, after the dominant fraction
of the dispersion 1s compensated.

From the above discussion, the present inventors have
come to the following conclusion and insights:

1. The atmosphere has a dispersive effect on imaging light,
particularly at shallow depression angles. From a view
point above the Earth, the atmospheric wedge 1s oriented
in the vertical direction only, the direction of refractive
index vaniation. There 1s no lateral component. The opti-
cally thicker part of the atmospheric wedge 1s at the
surface of the Earth, since the refractive index 1s highest
at the surface.

2. Using multiple independent methods for calculation, the
magnitude of the effective wedge angle of the atmo-
sphere has been calculated, along with 1ts dependence on
and sensitivity to altitude and slant range.

3. Compensation of the atmospheric wedge using a delib-
crate fixed wedge 1n the optical path of the camera and
incorporated into the reconnaissance camera viewing
window 1s possible, and 1s a practical, simple and effec-
tive solution to atmospheric dispersion compensation. In
the case of the window forming the wedge (FIG. 2A,
2B), 11 the window material has significant dispersion 1n
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the visible spectrum, as Cleartran™ has, this can be
taken 1nto account 1n the design of the window to pro-
duce the desired amount of dispersion to counteract the
dispersion produced by the atmosphere. If a design point
range 1s chosen, the atmospheric wedge will be under-
corrected at longer slant ranges and overcorrected at
shorter ranges. On the short side (less range), the reduc-
tions 1n slant range tend to compensate for the wedge-
induced smear. And at higher ranges, the smear 1is
smaller than 1t would be, uncorrected.

4. It 1s a requirement that the compensating window must
have its thick side upward (away from the Earth), or the
atmospheric wedge 1s enhanced, not reduced. Therelore,
a reconnaissance viewing window that is moveable
across the aircrait nadir should not be used to compen-
sate for atmospheric wedge, since 1t would add to atmo-
spheric wedge when positioned on one side of the host
aircraft and subtract when positioned on the other side.

5. Correction 1n the orthogonal direction 1s neither neces-
sary nor possible using a simple window wedge.

As used herein, the term “reconnaissance aircraft” 1is
intended to include not only the vehicle itself but also
attached appurtenances that may be present 1n the aircraft,
such as a reconnaissance pod or bay in which a reconnais-
sance camera 1s carried or mounted.

As used herein the terms “LOROP” or equivalently “Long
Range Oblique Photography reconnaissance camera” refer to
a high altitude camera which has a long focal length optical
system, typically greater than 50 inches, and 1s designed or
used to capture 1mages from altitudes of 20,000 to approxi-
mately 50,000 feet above the Farth’s surface.

As used herein, the term “medium altitude reconnaissance
camera” refers to a camera having an optical system with a
tocal length shorter than found on a LOROP camera, typically
up to 18 inches, and which 1s designed or used to capture
images irom altitudes of 2,000 to 20,000 feet above the
Earth’s surface.

In one possible embodiment, the aerial reconnaissance
camera system 1s designed to operate in a spectral band
between 500 and 900 nanometers and 1n a spectral band
between 3.0 and 5.0 micrometers. Such a camera 1s referred to
as an example of a dual band camera system. An example of
a dual band framing reconnaissance camera 1s shown in U.S.
Pat. No. 6,694,094. The invention and methods for compen-
sation for atmospheric dispersion can thus be applied to so-
called “dual band” camera systems as well.

Varnations from the specifics of the illustrated embodi-
ments may of course be made while taking advantage of the
above observations and conclusions, without departure from
the scope of the invention. All questions concerning scope are
to be made by reference to the appended claims.

We claim:

1. An aenal reconnaissance camera system comprising an
imaging detector and an optical system for installation 1n an
airborne reconnaissance vehicle, wherein an optical path
ex1sts between a scene to be 1imaged on the Earth and the
imaging detector, the aerial reconnaissance camera system
further comprising:

a fixed optical wedge incorporated into the optical path 1n
front ol the optical system, the wedge having a relatively
thin edge and a relatively thick edge, with the wedge
oriented 1n a manner such that the relatively thin edge 1s
oriented towards the Earth and the relatively thick edge
1s oriented away from the Earth, the wedge having dis-
persive properties opposite from the expected net atmo-
spheric dispersion in the optical path between the air-
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borne reconnaissance vehicle and the scene during a
reconnaissance mission using the camera.

2. The aerial reconnaissance camera system of claim 1,
wherein the reconnaissance camera system includes a win-
dow providing an 1nterface between the reconnaissance cams-
era and the environment exterior of the reconnaissance
vehicle, and wherein the window comprises the optical
wedge.

3. The aerial reconnaissance camera system of claim 1,
wherein the reconnaissance camera system includes a recon-
naissance pod having a window providing an interface
between the reconnaissance camera and the environment
exterior of the reconnaissance pod, and wherein the window
comprises the optical wedge.

4. The aerial reconnaissance camera system of claim 1,
wherein the wedge produces a dispersion of between 10 and
30 microradians for incident light having a wavelength of
between 500 and 900 nanometers.

5. The aerial reconnaissance camera system of claim 1,
wherein the camera system comprises a Long Range Oblique
Photography reconnaissance camera.

6. The aerial reconnaissance camera system of claim 1,
wherein the camera comprises a medium altitude reconnais-
sance camera.

7. The aerial reconnaissance camera system of claim 1,
wherein the reconnaissance mission comprises photograph-
ing the Earth at a range to the scene of between 10 and 50
nautical miles.

8. The aerial reconnaissance camera system of claim 2,
wherein the window comprises a zinc sulfide optical material.

9. The aerial reconnaissance camera system of claim 3,
wherein the window comprises a zinc sulfide optical material.

10. An aerial reconnaissance camera system for installa-
tion 1in an airborne reconnaissance vehicle, wherein an optical
path exists from a scene to be imaged on the Earth and the
camera, the camera system comprising:

an 1maging detector,

a window providing an interface between the reconnais-
sance camera and the environment exterior of the recon-
naissance vehicle; and

an optical system directing light from the scene from the
window to the imaging detector;

wherein the window comprises a fixed optical wedge hav-
ing arelatively thin edge and a relatively thick edge, with
the wedge oriented 1n a manner such that the relatively
thin edge 1s oriented towards the Earth and the relatively
thick edge 1s oriented away from the Earth, the wedge
having dispersive properties opposite from the expected
atmospheric dispersion 1n the optical path between the
airborne reconnaissance vehicle and the scene during a
reconnaissance mission using the camera.

11. The aenial reconnaissance camera system of 10,
wherein the 1maging detector comprises an electro-optical
image detector array.

12. The aerial reconnaissance camera system of claim 10,
wherein the window produces a dispersion of between 10 and
30 microradians for incident light having a wavelength of
between 500 and 900 nanometers.
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13. The aerial reconnaissance camera system of claim 10,
wherein the camera comprises a Long Range Oblique Pho-
tography reconnaissance camera.

14. The aerial reconnaissance camera system of claim 10,
wherein the camera comprises a medium altitude reconnais-
sance camera.

15. The aerial reconnaissance camera system of claim 13,
wherein the reconnaissance mission comprises photograph-
ing the Earth at a range to the scene of between 10 and 50
nautical miles.

16. The aerial reconnaissance camera system of claim 10,
wherein the window comprises a zinc sulfide optical matenal.

17. A method of compensating for atmospheric dispersion
in an aerial reconnaissance camera system for installation 1n
an airborne reconnaissance vehicle, the camera system hav-
ing an 1imaging detector and an optical system, wherein an
optical path exists between a scene to be imaged on the Earth
and the 1maging detector, comprising the step of:

placing a fixed optical wedge 1n the optical path in front of

the optical system, the wedge having a relatively thin
edge and a relatively thick edge, with the wedge oriented
in a manner such that the relatively thin edge 1s oriented
towards the Earth and the relatively thick edge 1s ori-
ented away from the Earth, the wedge having dispersive
properties opposite from the expected net atmospheric
dispersion 1n the optical path between the airborne
reconnaissance vehicle and the scene during a recon-
naissance mission using the camera system.

18. The method of claim 17, wherein the imaging detector
comprises an electro-optical image detector array.

19. The method of claim 17, wherein the reconnaissance
camera system includes a window providing an interface
between the reconnaissance camera and the environment
exterior of the reconnaissance vehicle, and wherein the win-
dow comprises the optical wedge.

20. The method of claim 17, wherein the wedge produces
a dispersion of between 10 and 30 microradians for incident
light having a wavelength of between 500 and 900 nanom-
eters.

21. The method of claim 17, wherein the camera system
comprises a Long range oblique photography reconnaissance
camera.

22. The method of claim 17, wherein the camera system
comprises a medium altitude reconnaissance camera.

23. The method of claim 17, wherein the reconnaissance
mission comprises photographing the Earth at a range to the
scene of between 10 and 50 nautical miles.

24. The method of claim 19, wherein the window com-
prises a zinc sulfide optical material.

25. The method of claim 17, wherein the camera system 1s
designed to operate 1n a spectral band between 500 and 900
nanometers.

26. The method of claim 17, wherein the camera system 1s
designed to operate 1n a spectral band between 500 and 900
nanometers and in a spectral band between 3.0 and 5.0
micrometers.
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